Introduction
[2] Ozone in the upper stratosphere at mid-latitudes has been declining by about 15% over the last two decades [SPARC, 1998; WMO, 2003] . This decline has been predicted and is caused by catalytic ozone destruction through chlorine, which is released in the stratosphere from anthropogenic Chloro-Fluoro-Carbons (CFCs) [Crutzen, 1974; Molina and Rowland, 1974] . As expected, the largest relative ozone changes have occurred at approximately 40 km altitude [WMO, 2003] . Natural variations of ozone in this altitude range come from the Quasi-Biennial Oscillation of equatorial zonal winds (QBO) [Zawodny and McCormick, 1991; Leblanc and McDermid, 2001] , and from the 11-year solar cycle [Hood et al., 1993] . Additional factors influencing upper stratospheric ozone are variations in temperature [Douglass et al., 1985; Rosenfield et al., 2002] , solar proton events [Jackman et al., 1999] , variations in the global meridional circulation [Salby et al., 2002] , and changes in water vapour, methane or nitrous oxides [WMO, 1999; Li et al., 2002; Randeniya et al., 2002] .
[3] After 1987, the emission of harmful CFCs has been phased out in response to the International Montreal Protocol and its later amendmends. These international agreements were very successful: Chlorine loading of the upper stratosphere seems to have peaked sometime between 1997 and 2002, about 6 years after the tropospheric maximum [Anderson et al., 2000; WMO, 2003; Rinsland et al., 2003] . However, compared to the fast increase since the late 1970s, the decline of chlorine will be slow. A return to the chlorine levels of 1980 is not expected before 2050 or 2060 [Engel et al., 2002; WMO, 2003] . Recently, it has been discussed whether positive effects of the now slightly decreasing chlorine levels can already be seen in upper stratospheric ozone [Newchurch et al., 2003] . Such a ''beginning recovery'' is not easily separated from ozone increases related to the recent maximum of the 11-year solar cycle .
[4] The purpose of this paper is to present some main results of the long-term ozone monitoring carried out within the framework of the international Network for the Detection of Stratospheric Change (NDSC, http://www.ndsc.ws) by several ground-based lidar (laser-radar) and microwave radiometer instruments. These measurements started in the late 1980s and early 1990s. We focus on those NDSC stations with the longest and least interrupted records of ozone between 35 and 45 km altitude. Note that this altitude range is not covered by standard balloon-borne ozonesondes. The stations used are given in Table 1 . For the purpose of this study, the nearby sites Hohenpeissenberg/ Bern and Haute Provence/Bordeaux are considered as one station, respectively. More information about the stations and instruments is given by Claude et al. [1994] , Guirlet et al. [2000] , Leblanc and McDermid [2000] , Tsou et al. [2000] , Calisesi et al. [2001] , Brinksma et al. [2002] , Schneider et al. [2003] , and Godin-Beekmann et al. [2003] .
[5] The NDSC data are compared to three longterm satellite data sets: The 1979 to 2003 data set from various Solar Backscatter Ultraviolet instruments (SBUV) [Hilsenrath et al., 1995; Bhartia et al., 1996] , the 1979 to 2004 data set from the Stratospheric Aerosol and Gas Experiment I and II (SAGE) [McCormick et al., 1989] , and the 1991 to 2004 data set from the HALogen Occultation Experiment (HALOE) [Russell et al., 1993] .
[6] Further, results are presented from a 1960 to 1999 model simulation carried out with the fully coupled Middle Atmosphere European Center/Hamburg version 4 chemistryclimate model (MAECHAM4-CHEM) Manzini et al., 2003] . A comparison of MAECHEM4-CHEM with other chemistry climate models is reported in Austin et al. [2003] . Chemistry climate models are the main tools for predicting the future of the ozone layer. Therefore, it is important to evaluate their performance in the past. Here we take advantage of the availability of a ''transient'' simulation from MAECHAM4-CHEM, called ECHAM hereafter. This simulation includes effects from increasing greenhouse gases and total chlorine (CO 2 , N 2 O, CH 4 , NO x , and CFCs), the 11-year solar cycle, an assimilated QBO, and volcanic aerosol from the Agung (1963), El-Chichon (1982) , and Pinatubo (1991) eruptions. Observed variations in sea surface temperatures and ice conditions are prescribed as well. In part because of the lack of a continuing consistent data set for these latter boundary conditions, the simulation ends in 1999, unfortunately, and has not yet been extended.
[7] The present paper extends previous studies, which relied on the SAGE and HALOE data only [SPARC, 1998; Newchurch et al., 2003; Cunnold et al., 2004] . For the longterm variations, we follow the approach of a previous study , which considered data for Hohenpeissenberg only. We present additional stations and new observations from the years 2003 to 2005.
Techniques and Data

Differential Absorption Lidar
[8] For observing upper stratospheric ozone, most NDSC stations use either Differential Absorption Lidar (DIAL) or microwave radiometer systems. DIAL systems measure the ozone absorption of an atmospheric layer by comparing atmospheric return signals from the top and bottom of the layer, at two (or more) wavelengths [Pelon and Mégie, 1982] . Ozone number density is derived from the measured ozone absorption. One wavelength, usually 308 nm, is absorbed by ozone, whereas another wavelength, usually 353 or 355 nm, is absorbed much less and serves as a reference for the rest of the atmosphere without ozone. The measurement is differential in wavelength and in altitude, which makes it self-calibrating and ideally suited for longterm purposes [Werner et al., 1983; McDermid et al., 1990] . A summary of many validation exercises within the NDSC framework [Keckhut et al., 2004] shows that the accuracy of a typical stratospheric ozone profile measured by lidar is approximately 3% at 35 km, and 10% at 40 km, depending on averaging time, system power, and other factors [see also McDermid et al., 1998; McPeters et al., 1999] . Altitude resolution is of the order of 1 km at 30 km altitude and 5 km at 40 km [Godin et al., 1999; Keckhut et al., 2004] . Precision and altitude resolution become poorer with increasing altitude. Most systems do not provide reliable data above 50 to 55 km. Lidars need clear nights for their measurements, but this has not been a relevant drawback for long-term monitoring. For this study, the lidar (and microwave radiometer) data were obtained from the database of the Network for the Detection of Stratospheric Change (NDSC) (ftp://ndsc.ncep.noaa.gov), or directly from the stations.
Solar Occultation
[9] SAGE and HALOE measure the ozone absorption at different altitudes by comparing solar spectra taken at different (high and low) paths through the earth's atmosphere, as the sun is setting or rising for the satellite (solar occultation). SAGE uses the visible part of the spectrum (Chappuis band centered at 600 nm) [McCormick et al., 1989] , whereas HALOE uses infrared absorption at about 9.6 mm [Russell et al., 1993] . Slant path absorption is obtained by comparing the spectra with the reference spectrum taken above the atmosphere at each sunrise/sunset. The vertical resolution of the obtained profile is 0.5 to 2 km, and the accuracy is better than 5 to 10% between 20 to 50 km altitude. The measurement principle is self-calibrating and long-term stability can be achieved. A disadvantage is that measurements can only be taken at locations and times where the sun sets or rises relative to the spacecraft. For a typical mid-latitude location, measurements are more frequent in winter, but can be quite rare in summer. For the month of August, for example, SAGE II took only 59 measurements during the entire 1985 to 2004 period in a ±7.5°latitude and ±15°longitude box around Hohenpeissenberg, compared to 160 profiles measured by the lidar. For January, the corresponding numbers are 339 profiles for SAGE and 139 for the lidar. For HALOE, in the entire 1992 to 2004 period, the numbers are 189 profiles in January, but only 8 profiles in June.
[10] SAGE II (V6.20) and HALOE (V19) data were obtained from ftp://ftp-rab.larc.nasa.gov/pub/sage2/v6.20 and http://haloedata.larc.nasa.gov. For the climatological comparisons in section 3 we used mean profiles from data obtained within ±7.5°latitude and ±15°longitude boxes centered at the stations geolocations. For the long-term evolution in section 4, however, we used zonal means over 10°latitude bands centered at 45°S, 35°S, 25°S, and so on, every 10°up to 45°N, and interpolated to the stations latitudes. Corresponding zonal means for SAGE I were provided by M. Newchurch (private communication, 2004) . These SAGE I data are adjusted following the recommendations from Wang et al. [1996] . SAGE data contaminated by heavy stratospheric aerosol loading, particularly after the Mt. Pinatubo eruption in 1991 were excluded using the criteria given by Wang et al. [1996 Wang et al. [ , 2002 .
Backscattered Ultraviolet
[11] SBUV instruments measure incoming solar irradiance and nadir radiance backscattered by the atmosphere at several wavelengths in the ultraviolet [Heath et al., 1975] . The ratio between incoming and backscattered radiation carries information about the amount of ozone in the atmosphere. Because radiation at the shorter wavelengths is absorbed by ozone higher in the atmosphere than radiation at the longer wavelengths, the use of different wavelengths allows for a measure of the ozone profile [Bhartia et al., 1996] . Measurements can be taken over the sunlit portion of the globe and are very frequent. Altitude resolution is about 10 km and is coarser than for lidar, SAGE or HALOE. An accuracy of 5 to 10% is reached in the stratosphere. SBUV measurements are not self-calibrating. Maintaining a consistent calibration over many years and many instruments is a substantial task [Hilsenrath et al., 1995; Bhartia et al., 1996] . Here we used the 5°zonal mean Version 8.0 data from http://code916.gsfc.nasa.gov/Data_ services/merged/mod_data.public.html. In this data set, results from 4 different SBUV instruments are merged and adjusted in order to calibrate all instruments to a common standard [Frith et al., 2004] .
Microwave Radiometers
[12] Microwave radiometers record emission spectra from thermally induced rotational transitions of atmospheric ozone, typically around 110 or 142 GHz [Parrish et al., 1992; Kämpfer, 1995; Connor et al., 1995; Schneider et al., 2003] . Since the recorded transition lines are broadened by pressure, the recorded line shape contains information on the vertical distribution of ozone. Radiation at the wings of the spectra carries information about ozone at low altitudes (=high pressures), while radiation at wavelengths close to the line center results from emission originating at all altitudes (=all pressures) along the instrument's line of sight. A big advantage is that ground-based microwave radiometers are fairly independent of weather conditions and take measurements around the clock, with a typical time resolution of one or two hours. Altitude resolution and accuracy of the retrieved stratospheric ozone profiles are 7 to 10 km and 7 to 10%, respectively. Many studies have validated ozone profiles from microwave radiometers [e.g., McDermid et al., 1998; McPeters et al., 1999; Tsou et al., 2000] .
Chemistry Climate Model
[13] The Middle Atmosphere European Center/Hamburg version 4 Chemistry-climate model is based on the full coupling of the general circulation model MAECHAM4 with the chemistry model CHEM Manzini et al., 2003] . MAECHAM4 covers the global (3-D) atmosphere and extends from the surface to 0.01 hPa (80 km). The resolution used is the T30 horizontal truncation with 39 vertical levels. In MAECHAM4, gravity wave effects in the mesosphere, of fundamental importance for a realistic representation of middle atmosphere dynamics including the Brewer-Dobson circulation, are parameterized [Manzini and McFarlane, 1998 ]. CHEM simulates the photochemical processes relevant to stratospheric ozone, including heterogeneous chemistry. Trace gas concentrations from CHEM are fed back into the radiative scheme of MAECHAM4 ]. Here we use upper stratospheric ozone results from a 1960 to 1999 simulation, in which the effects of increasing chlorine and greenhouse gases (CFCs, CO 2 , N 2 O, CH 4 , and NO x ) [WMO, 2003] , observed variations in sea surface temperatures and icecoverage [Rayner et al., 2003 ], a nudged QBO [Giorgetta and Bengtsson, 1999] , volcanic aerosol from the major eruptions in 1963 , 1982 and 1991 [Timmreck et al., 2004 , and the 11-year solar cycle [Tourpali et al., 2003 ] are all accounted for. The full coupling and the external forcings applied in this simulation result in a realistic evolution of the main trace gases. Unfortunately, the simulation ends in 1999, and has not yet been extended into the 21st century.
Climatological Means
[14] Next, a brief description of some general climatological features is given. The purpose is not to introduce a new ozone climatology. Rather, an overview of some main features is given. Systematic differences in the climatologies recorded by the different instruments are described. By comparing climatologies we take a somewhat different approach than typical instrument comparisons. Typical instrument comparisons use only a subset of profiles, usually selected to match well in space and time, and often measured under special conditions. This subset can sometimes be very small. It might also not be representative for routine observations. By comparing climatologies, a very large number of routine profiles is used, albeit at the expense of possible mismatches. However, rather than a selected subset the operational ''end-product'' is compared, i.e., the atmospheric record provided by each data set. Here we consider climatological differences as a reasonable proxy for systematic differences between data sets or instruments.
Annual Cycle
[15] The average annual cycle of ozone number density, recorded by the various data sets, is shown in Figure 1 for three selected altitudes in the stratosphere. This average annual cycle was obtained by first averaging all available monthly mean profiles from the period 1993 to 2003, separately for each month of the year, each station and each data set. For SAGE and HALOE, only profiles taken within ±7.5°latitude and ±15°longitude of the stations were considered. For ECHAM, the profiles from the grid-point closest to each station were taken. This gives climatological mean profiles for each month of the year and each data set and station. For Figures 1a and 1b [16] The annual cycles depicted in Figure 1 follow well known characteristics: In the lower stratophere, e.g., at 20 km altitude, the highest ozone levels occur in late winter, February to March (August or September for Lauder), the lowest ozone levels in late summer, August (or February for Lauder). This is a consequence of the annual cycle of the global meridional Brewer-Dobson circulation, which is strongest in late winter and weakest in fall. The BrewerDobson circulation transports ozone rich air to high latitudes and lower altitudes, particularly in late winter. Its annual cycle produces the observed total column ozone maximum in late winter, and the minimum in late summer [e.g., Brasseur and Solomon, 1984] .
[17] In the middle stratosphere, e.g., at 35 km altitude, ozone peaks in late summer, July or August, for the Northern Hemisphere stations, but in late spring, October or November, for Lauder in the Southern Hemisphere. The general shape of the annual cycle at 35 km reflects the photochemical production of ozone by sunlight, i.e., high in summer, and low in winter. Note, however, that for the Northern Hemisphere stations there is a time lag between the highest solar elevation in June and the ozone maximum in August (July for the ECHAM model). At Lauder, ozone peaks at 35 km in October or November, before the highest solar elevation in December. In the upper stratosphere at 45 km, these differences between the hemispheres are much more pronounced. In the Northern Hemisphere, ozone peaks in late summer, August or September, similar to 35 km. The ozone buildup during spring and summer is rather slow, while the ozone decline in fall is quite fast.
[18] At Lauder, however, the annual cycle at 45 km is quite different. There is only a small late summer peak in March, but an additional very large ozone peak in spring, September or October (Figures 1c and 1d ). The exact shape of the annual cycle is obviously determined not only by solar irradiation. It is also affected very much by the way in which the various chemical production and loss mechanisms react to the annual cycles of temperature and other trace gases. The tropical stratopause semi-annual oscillation, the changing Brewer-Dobson circulation, and light absorption at higher levels are also important [Brasseur and Solomon, 1984; Schneider et al., 2005] . The large spring peak in the Southern Hemisphere at 45 km is largely caused by slowing ozone loss cycles due to the colder winter temperatures of the Southern Hemisphere. Reduced transport due to the stronger Southern Hemisphere winter vortex and a weaker Brewer/Dobson circulation also plays a role [e.g., Li et al., 2002] .
[19] In Figure 1 the observed annual cycles from all the observations agree closely. While following the same general cycles, the ECHAM model results show, however, characteristic differences: In the lower stratosphere (20 km) ECHAM ozone values are %25% higher than observed. This is due to unrealistically fast vertical transport in ECHAM . Too much ozone-rich air is transported down at model levels below the ozone mixing ratio maximum, resulting in too high ECHAM ozone values below about 35 km. In the upper stratosphere above 37 km, on the other hand, ECHAM simulates ozone values lower than observed, e.g., by 12% at 45 km. At these altitudes ozone at mid-and low-latitudes is mostly under photochemical control. In a recent chemistry climate model validation exercise, too low methane and too high ClO concentrations were reported in the upper stratosphere for MAECHAM4-CHEM. This results in enhanced chemical ozone destruction in the upper stratosphere, and can largely explain the low ozone values simulated by MAECHAM4-CHEM above 37 km.
Difference Profiles
[20] The vertical profile of the climatological mean difference between the various data sources and SAGE II is given in Figure 2 . SAGE II is used as the reference here, because it's principle is self-calibrating, and it provides a near-global and very long-term data set, that lies well within the range of the other observations. This makes it most suited as a reference, but does not imply that SAGE data are closer to the truth than data from the other instruments. For Figure 2 , climatological monthly mean differences between show results for SAGE, HALOE and the MAECHAM4-CHEM simulation. Bordeaux microwave and SBUV data were not included. For SAGE and HALOE, only profiles within ±7.5°latitude and ±15°longitude of each station were considered. For MAECHAM4-CHEM, data from the grid-point nearest to each station were used. SAGE and the other data sources were first averaged over the year, then over the different stations. The error bars give the 1s standard deviation between stations. At most altitudes between 20 and 50 km the climatological mean profiles observed by the different instruments are within ±5% of the climatological mean SAGE profile. Overall, Figure 2 demonstrates a high level of consistency between the various ground-based and satellite-based instruments. Note that due to diurnal variations of ozone above about 40 km [Huang et al., 1997] , systematic differences of 1 or 2% have to be expected at the upper altitudes between SAGE/HALOE which measure at sunrise and sunset, the lidars, which measure at night, and the 24 hour microwave measurements. As expected from Figure 1 , ECHAM shows substantially higher values than the observations below about 37 km altitude and substantially lower values above (Figure 2b ).
[21] Small but consistent biases, both over the year and between stations, are seen in Figure 2b between SAGE and HALOE: HALOE ozone values tend to be up to 3% higher than SAGE values between 30 and 45 km, but 10% lower than SAGE at 20 km and 5% lower at 50 km. These differences are seen consistently at all stations, and throughout the year. Lower HALOE than SAGE values below 30 and above 45 km, as well as higher HALOE than SAGE values between 30 and 42 km, have been reported before [SPARC, 1998; Morris et al., 2002; .
[22] The lidars also exhibit small but consistent differences to SAGE: Below 25 km, most lidars tend to be systematically lower than SAGE, by up to 5%. To some degree, this is a consequence of the fact that the lidars tend to measure more often during tropospheric high pressure situations, when clear nights are more frequent, than during low pressure situations, when clear nights are rarer.
Since ozone values in the lower stratosphere are lower during tropospheric high pressure [DeBacker et al., 1994; Steinbrecht et al., 1998 ], this leads to a meteorological low bias of the lidar ozone data at some stations and at altitudes below 25 km. For Hohenpeissenberg, this bias can reach 5% at 20 km. Between 30 and 45 km, the lidars also tend to give a few percent lower ozone values, on average, than SAGE. This minor bias may partly be due to a diurnal cycle of 1 or 2% higher ozone values around 40 km at sunset/sunrise, when SAGE measures, compared to during the night, when the lidars measure [Huang et al., 1997] . A good part of the bias, however, must also be attributed to the lidar systems and the specific processing used at the stations (see, e.g., Hohenpeissenberg in Figure 3) .
[23] Unlike SAGE, HALOE, or MAECHAM4-CHEM, which use the same processing algorithm over the globe, hardware and processing algorithms for lidars or microwave radiometers can differ from station to station. To give more detail, Figure 3 shows difference profiles for the individual lidar and microwave stations. While all lidars in Figures 3a and 3b show very similar and minor differences to SAGE below 35 km, larger systematic deviations begin to appear above 35 km, particularly for the less powerful systems (Hohenpeissenberg and Haute Provence). The more powerful systems (Table Mountain, Mauna Loa) show almost no significant deviation up to 50 km altitude. The Hohenpeissenberg lidar shows systematically lower values by almost À10% at 39 km, and by more than À10% above 48 km. The Haute Provence lidar shows slightly higher values than SAGE above 35 to 40 km, up to +5% at 45 km. Similar systematic differences between lidars and SAGE were reported in Figure 2 .14 of the SPARC [1998] assessment. These systematic differences are comparable to systematic biases seen in tests of lidar processing algorithms [Steinbrecht et al., 1997; Godin et al., 1999] .
[24] The microwave radiometers, on average, tend to give slightly higher ozone values than SAGE around 38 km, and slightly lower values above 45 km (Figure 2 ). The agreement between individual microwave radiometers and SAGE, shown in Figures 3c and 3d , is generally better than 5% below 45 km [see also Connor et al., 1995; McDermid et al., 1998; McPeters et al., 1999] . Larger differences are seen for the microwave radiometer at Hawaii, operated by the same group as the Lauder radiometer, around 27 and 40 km altitude, and for the Bern and Bordeaux radiometers above 45 km. For the Bordeaux microwave radiometer, number density versus altitude data were not available. Instead, we plotted the difference reported in Schneider et al. [2003] , where 137 individual profiles from the years 1995 to 1998 were compared. The magnitude of the microwave to SAGE differences is comparable to what is seen for the lidars. Without going into detail, most of the larger deviations are attributed to the retrieval algorithms used at the various stations, the uncertainty in the conversion from mixing ratio versus pressure to number density versus altitude coordinates, and sampling differences [Tsou et al., 2000; Schneider et al., 2003; Meijer et al., 2003] . The diurnal cycle of ozone above about 40 km altitude will likely also play a role. A detailed discussion of these matters is not within the scope of this paper.
Long-Term Variations
[25] In this section, our focus is on the evolution of upper stratospheric ozone anomalies since 1979. Anomalies are defined as the deviation of individual monthly means from the average climatological annual cycle. For best results, we applied the individual climatological cycle of each instrument at each station. Note that this procedure removes nearly all systematic differences between the data sets. For the stations from Table 1 , the evolution of upper stratospheric ozone relative anomalies, averaged between 35 and 45 km altitude, is shown in Figures 4 and 5 . For plotting, the data were smoothed by a 5 month running mean. Hohenpeissenberg lidar and Bern microwave data (Figure 4a ), as well as Haute Provence lidar and Bordeaux microwave data (Figure 4b ) are plotted into common panels. For SBUV, the average relative anomaly of the 3 layers between 6.4 and 1.6 hPa (%34 to 45 km) is given. For all the satellite instruments we interpolated zonal means to the station latitudes. All records starting before 1990 clearly show the long-term decline of ozone in the upper stratosphere. In addition to the anomaly records from the individual instruments, an average anomaly record was obtained for each station by averaging the lidar, microwave, SAGE, HALOE and SBUV anomaly records available at this station. In all panels of Figures 4 -9 these average records have been underlaid under the individual instumental records. Note that before the beginning of the lidar, microwave, and HALOE measurements, i.e., usually before 1990, the average record is based on the SAGE and SBUV records only. Also, because SAGE I data before 1982 are often missing, the plotted 5-month running means can be quite close to the SBUV data.
Instrumental Issues
[26] In general, all instrumental anomaly records are quite close to the average record. Fluctuations are tracked very similarly by almost all instruments. Correlation coefficients between the individual instrument monthly mean anomalies and the all instrument average anomaly typically range between 0.67 and 0.88. However, due to sampling and instrumental noise, the correlation between the records from two different instruments is usually much lower, only between 0.2 and 0.7. Nevertheless, for the plotted 5 month running means, the individual records are usually within 1 or 2% of the average record. Differences larger than 5% are rare. For the time period after 1995, when almost all instruments have become available, Table 2 gives the standard deviation (1s) of the individual instrument monthly anomalies from the all instrument average. These standard deviations have contributions from sampling and instrumental noise. With the exception of the Bordeaux microwave, they range from 1.6% to 4.5%. HALOE, SBUV, and the microwave records at Hawaii and Lauder usually have standard deviations smaller than 3%, whereas SAGE, the lidars, and the Bern microwave have standard deviations larger than 3%. Also, the standard deviations tend to be up to 1% smaller at Hawaii, compared to the midlatitude stations. Since stratospheric variability is generally lower at Hawaii, this indicates that atmospheric variability and sampling errors contribute substantially, at least 1% to the standard deviations. If we assume that the all instrument average is close to the true atmospheric anomaly, Table 2 , as well as Figures 4 and 5 , indicate that most instruments can measure monthly mean ozone anomalies with an uncertainty better than 4% (1s).
[27] While the general agreement between most instruments is quite good, there are some notable differences. At all stations, there seems to be an upward shift in the SBUV data level by about 4% between 1995 and 1998, when the merged data set switches from NOAA 11 to NOAA 9 (http://code916.gsfc.nasa.gov/Data_services/merged/ images/sat_coverage.gif). Questions about the consistency of NOAA 9 SBUV/2 with the other SBUV/2 instruments have been raised before, e.g., by Petropavlovskikh et al. [2005] . Also, the SBUV data generally show a positive drift compared to the other instruments, both before 1995 and after 1997. The Bordeaux microwave data show an ozone increase throughout their record, that is not observed by the other instruments. This instrumental drift can partly be attributed to a standing wave bias in the observed spectra, which can, however, not account for the total amount of the observed ozone increase. The early Haute Provence lidar data, from 1988 to 1991, or the Lauder lidar data in 1995, show unrealistically low ozone values not recorded by the other instruments. These spurious data as well as the Bordeaux microwave data have been removed from further analysis.
[28] At Hawaii, lidar, SBUV and microwave data show an ozone increase in the last four to five years that is not recorded by SAGE or HALOE. (Note also, that the initial Hawaii lidar data seem to be low before 1996.) However, due to aging and instrumental difficulties, SAGE II (>20 years in orbit!) and HALOE data have become quite sparse in recent years. Table 3 summarizes possible instrumental drifts as measured by linear trends in the differences of each instrument to the average of all instruments. We have separated two periods, up to 1997 where only SBUV, SAGE, some lidars and HALOE have reasonably long records, and after 1997, where all instruments have data. Here we will only discuss the statistically significant trends (at the 2s or 95% confidence level), printed in bold in the table. Before 1997, both SAGE and SBUV have significant drifts compared to the instrumental average. SAGE shows a more negative trend than the instrumental average, by about À1.3%/decade, whereas SBUV shows a less negative trend than the average, by about +1.6%/decade. Largely, the instrumental average before 1997 consists of the SAGE and SBUV records only. What is seen in Table 3 then, as well as Figures 4 and 5 , is a significant relative drift between these two instruments, or their coordinate systems. Statistically significant pre-1997 drifts are also seen for the Table Mountain lidar and for HALOE at Hawaii.
[29] From 1997 to 2003, SBUV shows quite a large significant drift at Hohenpeissenberg and Haute Provence, by about 5.5% per decade compared to the instrumental average. As mentioned, lidar, microwave and SBUV exhibit a significant positive drift at Hawaii, by about +2.3%/ decade, whereas the sparse SAGE and HALOE data both have negative drifts at Hawaii since 1997, by about À3% per decade. The large positive drift of the Bordeaux microwave data has already been mentioned and is a true instrumental problem. The negative drift of the Bern microwave after 1997 is related to the spurious low data from this instrument in 2003. It should probably be ignored. Especially for time periods shorter than about 10 years, we would caution not to over-interpret such drifts, although it is certainly important to monitor them. Larger differences can sometimes be seen for individual instruments and periods up to one or two years, e. The different sampling characteristics, e.g., the infrequent sampling by the solar occultation instruments in summer, and the different vertical coordinates and ozone units used by the various systems (altitude versus pressure, number density versus mixing ratio) likely explain much of these differences.
[30] The most significant drift appears, therefore, between SBUV, which measures ozone mixing ratio versus pressure, Drifts are in percent ozone per decade and are calculated separately for two periods: up to December 1996; after January 1997. Error bars, given after the plus or minus sign, are 2 standard deviations. Trends significantly different from zero are indicated by bold numbers. Note that before the beginning of the lidar, microwave, and HALOE measurements, i.e., usually before 1990, the average record is based on the SAGE and SBUV records only. At Haute Provence/Bordeaux, the microwave data were not included in the average of all instruments.
and SAGE and the other instruments which measure, or can report, ozone number density versus altitude. Since the stratosphere has been cooling in recent decades, pressure surfaces have been moving down to lower altitudes [Ramaswamy et al., 2001] . At altitudes above the ozone peak this means that ozone trends should be larger for fixed altitude levels, than for fixed pressure levels [Wang et al., 1996] . This is seen in Table 3 , both before and after 1997: SAGE or the all instrument average on altitude levels have a negative drift in ozone compared to SBUV on pressure levels. SBUV drifts in Table 3 are of the order of +3% per decade against SAGE before 1997. After 1997 they are about +2% to +6% per decade against the all instrument average, albeit with large error bars of 2 to 3% per decade. These drifts are larger than 1 or 2%/decade difference reported by Li et al. [2002] or Rosenfield et al. [2005] between trends in mixing ratio on pressure levels and trends in number density on altitude levels. The larger drifts reported here seem to indicate an additional instrumental drift for the composite SBUV record. This is consistent with a recent investigation reporting reporting a small drift up to +0.5%/decade for NOAA 11 SBUV/2 ozone against SAGE ozone (converted to mixing ratio versus pressure), over the period 1989 to 2001, and a substantial drift up to +3%/ decade for NOAA 16 SBUV/2 against SAGE over the period 2001 to 2003, at the altitudes considered here . For most instruments, however, the long-term stability seems to be better than ±2.5% per decade. Drifts are usually not significant at the 95% confidence level. The combination of the different instruments should then provide a good representation of the true long-term evolution of ozone in the upper stratosphere, with a long-term stability of 1 or 2%.
[31] Figure 5b compares the ECHAM simulated anomaly record to the average observed record at each station. At all stations, but particularly at the Northern mid-latitude stations, ECHAM simulates a steeper than observed ozone decline. This is most likely caused by the too high upper stratospheric ClO concentrations in the model (see discussion of Figure 1 ). Too much ClO gives too much ozone destruction in the upper stratosphere, resulting in too low ozone values, and most likely also in too steep ozone decline. A comparison between the observed and modelled 1979 to 1996 trends is given by Tables 4 and 5. The model overestimates the ozone decline substantially in the Northern Hemisphere, by 3 to 4% per decade, but only slightly by about 1.5% per decade at Lauder. Ozone fluctuations, however, are tracked quite well by the model simulation after 1985. The large modelled variations before 1985, are not observed by SBUV, the only continous observational record available at that time. Nevertheless both the SBUV data and the ECHAM simulation indicate that the SAGE I data are on a reasonably correct level relative to the SAGE II data [see also Cunnold et al., 2004] .
Ozone Trends and Variations
[32] All anomaly records in Figures 4 and 5 exhibit similar mid-and long-term variations: (1) A long-term declining trend of the order of À4 to À8% per decade. This decline must be attributed to increasing chlorine from anthropogenic sources. (2) A slow fluctuation of the order of 5% peak to peak in phase with the 11-year solar cycle. (3) Shorter time scale variations reaching 5 to over 10% from the QBO, especially in winter. Most of the QBO related peaks occur during or shortly after westerly equatorial zonal winds at 40 hPa. They are seen by all instruments, but not always in the same intensity. Often the station data show a larger amplitude than the zonal mean SAGE and HALOE data. The QBO related fluctuations are more pronounced at the mid-latitude stations, whereas the 11-year solar cycle effect is more visible at the tropical/subtropical station Hawaii. In section 4.3 we give more detailed estimates of the QBO and solar cycle related ozone variations.
[33] Long-term decline and 11-year oscillation combine to a stepwise function that is most obvious at Hawaii. Three periods with nearly constant ozone values, from 1979 to 1982, from 1985 to 1992, and from 1995 to 2005, are separated by two short steep declines, where ozone levels drop by almost 7% over just two or three years. The periods of near-constant ozone correspond to the three increasing phases of the solar cycle, from 1979 to 1982, from 1988 to 1991, and from 1997 to 2002. In these periods, increasing ozone correlated to increasing solar flux seems to have largely compensated decreasing ozone due to increasing destruction by increasing chlorine. However, from 1983 to 1986, and from 1992 to 1996, decreasing ozone correlated to decreasing solar flux and decreasing ozone due to destruction by increasing chlorine have combined to two very steep declines. This stepwise behavior is most visible for the Hawaii model results (Figure 5b ), less visible at Table Mountain À9.16 ± 0.67 Hawaii À8.09 ± 0.76 Lauder À9.04 ± 0.72 a All trends are for the 35 to 45 km altitude range and are given in percent ozone per decade. Error bars, given after the plus or minus sign, are 2 standard deviations. Trends significantly different from zero are indicated by bold numbers. For the error bars, first-order autocorrelation in the regression residuals was accounted for, following the approach described by Reinsel et al. [2005] . All trends are for the all instrument average and the 35 to 45 km altitude range and are given in percent ozone per decade. Error bars, given after the plus or minus sign, are 2 standard deviations. Trends, and trend changes significantly different from zero are indicated by bold numbers. For the error bars, first-order autocorrelation in the regression residuals was accounted for, following the approach described by Reinsel et al. [2005] . Microwave radiometer data from Bordeaux and some spurious low data were excluded. [34] Since about 1996, ozone levels have remained more or less constant at most stations. The more southerly stations even show a distinct increase. At all stations, recent ozone values clearly lie above the extrapolated 1979 to 1996 trend line of the average data record (dashed grey trend line in Figures 4 and 5) . Part of this increase must be attributed to the recent solar maximum , but part could indicate a slowing down of ozone depletion due to the recent levelling off of stratospheric chlorine. This has been termed ''the first stage of a recovery of the ozone layer'' [Newchurch et al., 2003] . Some of the most recent data in Figures 4 and 5 show that this ''beginning recovery'' is still very weak. In fact, Hohenpeissenberg lidar and Bern microwave radiometer report record low ozone values in the winters 2003/2004 and 2004/2005 . Very low values are also seen in these two winters at other stations, and by SAGE and HALOE. Such low values have to be expected, since several factors favour low ozone values: Chlorine levels are still high, the solar cycle is near its minimum, and the phase of the QBO in 2004 should also lead to low ozone.
Estimating and Subtracting QBO and Solar Cycle Effects
[35] Following the approaches of Newchurch et al. [2003] , and Steinbrecht et al. [2004] , we now estimate ozone fluctuations related to QBO and 11-year solar cycle. This is done by multiple linear least-squares fitting of appropriate harmonic time series (i.e., sines and cosines) to the observed ozone variations. The fitting procedure also includes a linear trend term, and a change of trend term starting in 1997 [Reinsel et al., 2002 [Reinsel et al., , 2005 . While standard procedure assumes that the ozone response looks exactly like a given proxy time series, i.e., equatorial zonal wind at a certain level, or 10.7 cm solar radio flux, fitting harmonic time series allows for additional freedom in the shape of the ozone response. Here we use several harmonics with periods around 29 months to account for the QBO, and two harmonics with periods of 127 and 63 months to account for the 11-year solar cycle. Sidebands generated by an annual cycle modulation of these periods are allowed as well. Note that the attribution of periodicities at 10 and 15 months is ambiguous. These periodicities could come from an annual cycle modulation of the second harmonic of the solar cycle at 63 months, or from the second and third harmonics of the QBO period at about 30 months. Here they were generally minor and have been attributed to the solar cycle in Figure 7 . Only statistically significant harmonics are retained by the fitting procedure. See Newchurch et al.
[2003], Steinbrecht et al. [2004] , and Cunnold et al. [2004] for details about fitting harmonics. See Reinsel et al. [2002 Reinsel et al. [ , 2005 for details about the change of trend term.
[36] The multilinear least squares fits were calculated for all the individual records, as well as for the average anomaly record at each station. Figures 6 and 7 show results for the estimated QBO-and solar cycle related ozone variations, for Hohenpeissenberg/Bern, at northern mid-latitudes, subtropical Hawaii and southern mid-latitude Lauder. Results for Haute Provence/Bordeaux and Table Mountain are similar to those from Hohenpeissenberg, and are not shown. In each panel the average observed curve for the station has been underlaid (thick grey line). At the mid-latitude stations, the estimated QBO-related ozone variations are of the order of 5 to 10% peak-to-peak. At Hawaii they are smaller, usually less than 5% peak-to-peak [see also Leblanc and McDermid, 2001] . QBO variations at Lauder are larger than at Hawaii, but smaller than at the Northern Hemisphere mid-latitude stations. There also seems to be a phase shift between ozone maxima at Hohenpeissenberg, Hawaii, and Lauder. Note that the estimated QBO variations have quite a different shape than the 40 hPa equatorial zonal winds also plotted in Figure 6 . QBO-related extrema nearly always occur in winter, in the respective hemispheres. For total column ozone this seasonal synchronization of QBO effects is well known Yang, 1994a, 1994b] . The spread between the different curves at each station indicates that the uncertainty in the QBO estimate is a few percent at least. With the exception of SBUV, individual instruments tend to show larger variations than seen in the average record. Variations derived from the ECHAM simulation, which includes a nudged QBO, agree quite well with the QBO variation derived from the observations.
[37] Examples for the estimated 11-year solar cycle ozone variations are shown in Figure 7 . The derived harmonic solar cycle variation generally follows the 10.7 cm solar radio flux proxy. Ozone is about 5% higher during solar maxima than during solar minima. The magnitude of the solar cycle effect is more or less the same at all stations. The average record does, however, indicate an annual cycle modulation at Hohenpeissenberg and Lauder, which is not apparent at Hawaii. Since annual cycle modulations generally increase at higher latitudes, this seems possible. Results at Haute Provence and Table Mountain are similar to those at Hohenpeissenberg, and are not shown. Note that no reliable estimates can be obtained for those instruments that have time series shorter than 11 to 15 years, i.e., starting after 1993. For the longer time series, however, the agreement between the different estimates at each station is reasonable. The spread between the different estimates is typically less than 2%. Minor differences in phase and amplitude are probably not significant. The solar cycle ozone variation in the ECHAM simulation is quite comparable to the results from the observations.
[38] As pointed out by Steinbrecht et al. [2004] , it is quite likely that the atmosphere does not react to each solar maximum in the same way. For example, dynamical and transport changes following the major volcanic eruptions of 1982 and 1991, as well as changes in trace gases transported from the lower stratosphere, may have modified the effects of the 1980 and 1991 solar maxima [Lee and Smith, 2003] . Different solar maxima may well have resulted in different size ozone maxima. This could have a substantial effect, several percent, on the accuracy of estimated solar cycle ozone variations, which by definition have to follow the prescribed proxy curves, i.e., 10.7 cm solar flux, or in our case a harmonic cosine function.
Ozone Residual Time Series
[39] Figures 8 and 9 show the ozone time series similar to Figures 4 and 5. However, now the estimated variations due to QBO and solar cycle (from Figures 6 and 7) have been subtracted. For those instruments with time series shorter than 11 years, the solar cycle estimate for the average of all instruments was subtracted. We call the remaining variations ''ozone residuals''. They are our best representation of ozone changes due to influences other than QBO and solar cycle, i.e., largely due to changing chlorine levels. A ''beginning recovery of the ozone layer'' would manifest itself by ozone residuals that are leveling off, or even increasing in recent years. At least, ozone residuals should lie clearly above the extrapolated 1979 to 1996 trend line (dashed grey line in Figures 8 and 9 ).
[40] Figures 8 and 9 show clear evidence for such a ''beginning recovery'' above Lauder in the Southern Hemisphere (Figure 9a) , and somewhat less clear evidence for Hawaii (Figure 8d ), Table Mountain (Figure 8c ) and Haute Provence (Figure 8b ). For the most northerly station Hohenpeissenberg/Bern, however, a ''beginning recovery'' is much less obvious (Figure 8a ). Due to very low values in the winters 2003/2004 and 2004/2005 , the recent data at Hohenpeissenberg/Bern are not significantly above the trend line. To a lesser degree, low values in these two winters are also recorded at Table Mountain and Haute  Provence. [41] A more quantitative description is given in Table 5 , which reports ozone trends and uncertainties obtained for the all instrument average data set. Upper stratospheric ozone trends before 1997 were about À6%/decade at the northern mid-latitude stations, almost À8%/decade at Lauder in southern mid-latitudes, and only À4.5%/decade at subtropical Hawaii. Similar interhemispheric and latitudinal differences have been reported, e.g., by Li et al. [2002] or Rosenfield et al. [2005] . After the assumed January 1997 turning point, Table 5 indicates a significant change of the trend at all stations. This change in trend is largest at Lauder, where it reaches +11%/decade. Trend changes of around +7% are found at Haute Provence, Table Mountain and Hawaii. Error bars for these trend changes are about 2 to 3%/decade (2s or 95% uncertainty level), and are roughly the same size at all stations. However, a much smaller and therefore less significant trend change by only +3.4%/decade is found at Hohenpeissenberg/Bern. This is consistent with the visual impression from Figure 8 . Hohenpeissenberg/Bern is also the only station that still shows a negative ozone trend after 1997, albeit insignificant, whereas the other northern stations show (insignificant) positive ozone trends after 1997. Lauder even shows a significant positive ozone trend after 1997. Both the negative ozone trend before 1997, and the change of trend after 1997 are largest above southern mid-latitude Lauder. The large change from Haute Provence to Hohenpeissenberg is, however, surprising and should be investigated in the future.
[42] One factor might be the timing of a beginning recovery. A later beginning at higher latitudes has to be expected from age of stratospheric air studies [Waugh and Hall, 2002] . These studies indicate that air at 40 km altitude, 50°N (i.e., Hohenpeissenberg/Bern) is about 2 years older than air at 20°(i.e., Hawaii). This means that a beginning ''ozone recovery'' should appear at Hawaii about 2 years earlier than at Hohenpeissenberg, and might therefore be less clear at Hohenpeissenberg. This is roughly consistent with Figures 8 and 9 , which seem to indicate a change of trend point around 1997/1998 for Table Mountain Provence and Hohenpeissenberg. This timing difference, however, has been ignored in our change of trend calculations, which use a fixed turning point in January 1997. Contrary to Waugh and Hall [2002] , which give similar age of air for northern and southern mid-latitudes, Lauder at 45°s outhern latitude indicates a much earlier ''beginning recovery'' than Hohenpeissenberg/Bern at 48°northern latitude. Furthermore, despite the higher latitude, the ozone record above Lauder indicates an earlier ''beginning recovery'' than seen at low-latitude Hawaii.
[43] Another relevant aspect might be higher meteorological variability at Hohenpeissenberg/Bern: Meteorological variability is higher in the Northern Hemisphere, because planetary wave activity is higher and stratospheric mid-winter warmings occur frequently. Polar, or tropical, air-masses are more likely to appear at mid-latitudes. In the Southern Hemisphere planetary wave activity is lower and stratospheric mid-winter warmings are very rare. This higher meteorological ''noise'' might mask a ''beginning recovery'' signal at Hohenpeissenberg, and Haute Provence, while the same signal can be seen clearly in the ''less noisy'' stratosphere above Hawaii or Lauder. It still leaves the question, why the recovery seems to begin earlier at southern mid-latitude Lauder than at near-tropical Hawaii.
[44] Note that temperature changes, whether due to increasing CO 2 cooling or due to changes in the frequency of stratospheric warmings, will also affect ozone in the upper stratosphere. Based on 2-D model calculations, Rosenfield et al. [2002] report that upper stratospheric cooling due to increasing CO 2 levels could raise ozone levels by 2 to 3%. This effect is due to a slowdown of ozone loss cycles at lower temperatures. In the upper stratosphere, increasing CO 2 cooling would, therefore, speed up ozone recovery and would result in a more pronounced increase of ozone levels. The effect might differ between Lauder and Northern Hemisphere stations, if temperature changes are different in the two hemispheres. Interhemispheric differences in Cl y partitioning [Considine et al., 1998; Li et al., 2002; Rosenfield et al., 2005] might also play a role. According to Newchurch et al. [2003] , however, temperature changes have been small and have contributed very little to the levelling off of ozone values since about 1997. Nevertheless, questions related to long-term temperature changes are important and deserve a detailed investigation in the future.
Summary
[45] We have investigated main characteristics of longterm monitoring of upper stratospheric ozone, carried out by ground-based lidars and microwave radiometers within the Network for the Detection of Stratospheric Change, and by several satellite instruments. Climatological mean differences between lidars, microwave radiometers, SAGE and HALOE are usually smaller than 5% between 30 and 45 km altitude. Significant bias larger than 5% is seen at some lidar stations and at altitudes above 40 km. To a substantial degree it is attributed to the processing algorithms used at the individual stations. Note that such systematic biases may be corrected in future data releases.
[46] Nearly all instruments show a very similar evolution of upper stratospheric ozone over the last 10 to 25 years.
Many features of the observed evolution are reproduced quite well by the 1979 to 1999 period from simulation by the MAECHAM4-CHEM chemistry climate model. However, in the upper stratosphere the model shows too low ozone values and too large ozone decline, probably to an underestimation of methane and a consequent overestimation of ClO. Ozone anomalies from the different observations and from the model, averaged with a 5-month boxcar, typically agree within a few percent. The combined SBUV data set used here seems to have an upward shift by about 3% from 1995 to 1998, when the merged data set switches from NOAA 11 SBUV/2 to NOAA 9 SBUV/2 [see also Petropavlovskikh et al., 2005] . The combined SBUV record, in mixing ratio versus pressure coordinates, shows a drift of about 2% per decade compared to the other records, which are in number density versus altitude coordinates. Cooling of the stratosphere should have lead to a shift between these different coordinate systems, and could explain a good fraction of this drift, but not all of it. Differences larger than 3% to 5% are sometimes seen for individual instruments/stations over periods of one or two years. The quite different sampling characteristics of the various instruments are likely to contribute substantially to such differences. The combination of all instruments, however, provides a very consistent picture of the long-term evolution of ozone in the upper stratosphere, with a long-term stability better than about 2%.
[47] In the next years, a switchover from aging satellite instruments like SAGE II and HALOE to newer instruments like SCIAMACHY, GOMOS, SAGE III, MIPAS, MLS, OMI, and others will take place. The combination of ground-based NDSC lidars and microwave radiometers can provide a stable reference for the transition to this next generation of satellite based ozone monitoring instruments.
[48] Upper stratospheric ozone shows three main variations: First, the QBO modulates ozone on the time scale of two to three years, with ozone changes of the order of 5 to 10%, particularly in winter. Second, a long-term ozone variation of about 5% peak to valley is related to the 11-year solar cycle. Third, ozone in the upper stratosphere has seen a long-term decline by 10 to 15% since 1980. This decline is caused by chemical destruction through chlorine from man-made sources [Crutzen, 1974; Molina and Rowland, 1974] . Following the 1987 Montreal Protocol, chlorine seems to have peaked at some time between 1997 and 2002 in the upper stratosphere [WMO, 2003] . Ozone levels seem to be following the recent chlorine turnaround, and at many stations the previously steep ozone decline has not continued in the last five years. This seems to indicate a beginning recovery of the ozone layer. However, it is difficult to unambigously separate ozone changes due to chlorine changes in recent years from effects of the recent maximum of the 11-year solar cycle. Also, chlorine is still near its maximum and is not expected to return to pre-1980 levels before 2050 [Engel et al., 2002; WMO, 2003] . Therefore, a beginning recovery is still weak and record low upper stratospheric ozone values have been observed at northern mid-latitude stations in the winters 2003/2004 and 2004/2005 . Effects of changing stratospheric temperatures [Rosenfield et al., 2002] and changes in the Brewer-Dobson circulation [Salby et al., 2002] may be important and should be investigated.
